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Abstract 
The work reports on cyclic voltammetry (CV), square wave voltammetry and 
spectroelectrochemistry of the following complexes: tetrakis (benzylmercapto) phthalocyanine 
complexes of Zn(II) (ZnTBMPc, 4a), Co(II) (CoTBMPc, 5a), and Fe(II) (FeTBMPc 6a); tetrakis 
(dodecylmercapto) phthalocyanine complexes of Zn(II) (ZnTDMPc, 4b), Co(II) (CoTDMPc, 
5b), and Fe(II) (FeTDMPc, 6b). More reversible CV couples were observed for complexes 4a, 
5a, and 6a containing thiol phenyl ring substituents. Complexes 4b, 5b, and 6b containing long 
chain thiol substituents showed less reversible couples. Complexes 6a and 6b showed a 
relatively large number of redox processes (5 for 6a and 6 for 6b) within the potential window 
employed in this work. The processes for FePc derivatives (6a) are assigned to 
FeIIIPc−1/FeIIIPc−2, FeIIIPc−2/FeIIPc−2, FeIIPc−2/FeIPc−2, FeIPc−2/FeIPc−3, and FeIPc−3/FeIPc−4 and 
for the CoPc derivative (5a) to CoIIIPc−1/CoIIIPc−2, CoIIIPc−2/CoIIPc−2, CoIIPc−2/CoIPc−2, and 
CoIPc−2/CoIPc−3.  
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Cyclic voltammetry; Spectroelectrochemistry  
 
1. Introduction 
Metallophthalocyanine (MPc) complexes have vast applications as dyes and pigments. In 
addition, they have been found to be useful as catalysts in photodegradation of pollutants and as 
sensitisers in photodynamic therapy (PDT), and in non-linear optics. For use in the area of 
electrocatalysis, MPcs have been used to modify electrodes by polymerisation,  and fabrication 
of thin films such as the self-assembled monolayers (SAMs. For the formation of SAMs, thiol-
derivatised MPc complexes may be employed. However, the number of MPc complexes 
substituted with thiols is still limited and the electrochemistry of these molecules has not been 
fully explored. In phthalocyanines, up to four reversible (and consecutive) ring reductions and 
two ring oxidations are possible. However, the electrochemistry of thiol substituted MPc 
complexes is often different from that of other substituted MPc complexes. For example, 
irreversible ring reductions have been reported, often coupled with chemical reactions and 
adsorption of the reduction products. Overlap of reduction couples to form one peak have also 
been reported in thiol substituted MPc complexes. Single-step (irreversible) multi-electron 
oxidation accompanied by decomposition has been reported in thiol substituted MPc complexes. 
Sharp oxidation peaks indicative of adsorption behaviour were reported.  
We have recently reported on the cyclic voltammetry of thiophene substituted MPc complexes, 
which showed reversible behaviour. We have also recently reported on the electrochemistry of  
thiol substituted Pc complexes containing phenyl groups. The cyclic voltammograms of these 
complexes showed weak peaks, with quasi-reversible behaviour. Octa substituted thiol 
substituted MPc complexes containing alkyl groups (short or long chain) have been reported. 
There are fewer reports on tetra substituted derivatives. In many applications (e.g. for SAMs) it 
is important to have less substituted MPc derivatives, since this results in a different orientation 
on the electrode. Thus, in this work we report on the synthesis and electrochemistry of tetra 
substituted thiol MPc complexes containing phenyl and long chain alkyl group. The complexes 
reported are: zinc tetrakis (benzylmercapto) phthalocyanine complexes of Zn(II) (ZnTBMPc, 
4a), Co(II) (CoTBMPc, 5a), and Fe(II) (FeTBMPc, 6a); tetrakis (dodecylmercapto) 
phthalocyanine complexes of Zn(II) (ZnTDMPc, 4b), Co(II) (CoTDMPc, 5b), and Fe(II) 
(FeTDMPc, 6b). The Fe and Co central metals were chosen since MPc complexes containing 
these metals are highly electroactive. Unlike the Fe and Co complexes which are paramagnetic, 
the Zn central metal is diamagnetic and will be employed for characterisation using nuclear 
magnetic resonance spectroscopy.  
 
Scheme 1. Synthetic route for thiol-derivatised metallophthalocyanines complexes. 
2. Experimental 
2.1. Materials 
4-Nitrophthalonitrile was synthesised according to procedure in the literature. The following 
anhydrous salts were obtained from Sigma–Aldrich and were used as received: potassium 
carbonate, cobalt(II) chloride, zinc acetate, and ferrous acetate. Tetrabutylammonium 
tetrafluoroborate (TBABF4) (Aldrich) was used as the electrolyte for electrochemical 
experiments. Quinoline, ethylene glycol, dimethylsulfoxide (DMSO), dimethylformamide 
(DMF), dichloromethane (DCM), tetrahydrofuran (THF), diethyl ether, chloroform, methanol, 
and ethanol were distilled prior to use. Silica gel 60 (0.04–0.063 mm) for column 
chromatography was purchased from Merck.  
2.2. Equipment 
UV–vis absorption spectra were recorded on a Varian 500 UV–Visible/NIR spectrophotometer. 
FT-IR spectra (KBr pellets) were recorded on a Perkin-Elmer spectrum 2000 FT-IR 
spectrometer. 1H nuclear magnetic resonance (1H NMR, 400 MHz) were obtained in DMSO-d6 
or CDCl3 using Bruker EMX 400 NMR spectrometer. MALDI-TOF spectra were obtained with 
Perspective Biosystems Voyager DE-PRO Biospectrometry Workstation and possessing Delayed 
Extraction at the University of Cape Town, Cape Town, South Africa. Elemental analyses were 
performed by University of Cape Town, South Africa.  
Cyclic (CV) and square wave (SWV) voltammetry data were obtained with Autolab potentiostat 
PGSTAT 30 (Eco Chemie, Utretch, The Netherlands) driven by the General Purpose 
Electrochemical Systems data processing software (GPES, software version 4.9, Eco Chemie), 
using a three-electrode set-up that consist of a glassy carbon working electrode (GCE, 3.0 mm 
diameter), Ag|AgCl wire pseudo-reference electrode and platinum wire counter electrode. Square 
wave parameters were: step potential 5 mV; amplitude 20 mV at a frequency of 25 Hz. All 
electrochemical experiments were carried out in nitrogen atmosphere. Spectroelectrochemical 
data were obtained with the use of a home made optically transparent thin-layer electrochemical 
(OTTLE) cell which was connected to a Bioanalytic Systems (BAS) CV 27 voltammograph.  
2.3. Synthesis 
Scheme 1 shows the synthetic route employed in this work.  
2.3.1. 4-(Benzylmercapto) phthalonitrile (3a) (Scheme 1) 
A procedure similar to that reported for the synthesis of 1,2-di(alkylthio)-4,5 dicyanobenzene 
was used in this work. Briefly 4.0 g (23 mmol) 4-nitrophthalonitrile (1) and 3.7 g (30 mmol) 
benzylmercapto thiol (2a) were dissolved in 20 ml DMSO and stirred strongly for 20 min under 
dry nitrogen at room temperature. Thereafter, 10 g potassium carbonate was added portion wise 
for over 2 h. The reaction was then left for another 12 h to ensure complete reaction. The crude 
product was precipitated out from the reaction mixture and washed with water twice, then it was 
extracted with chloroform, the solvent was then evaporated and the product crystallised from 
ethanol. Yield: 72%. IR (KBr) ν (cm−1): 1478, 1578, 2231 (νCN), 3026, 3060, 3069. 1H NMR 
(CDCl3): 4.3 (s, 2H, –CH2), 7.28–7.38 (m, 5H, phenyl), 7.47–7.51 (dd, 1H, benzyl), 7.65 (d, 1H, 
benzyl), 7.58–7.62 (d, 1H, benzyl).  
2.3.2. 4-Dodecylmercaptophthalonitrile (3b) 
The same procedure as for 3a was also used to make 3b, with 6.1 g (30 mmol) of dodecyl thiol 
(2b) being used in place of benzylmercapto. Yield: 62%. IR (KBr) ν (cm−1): 1465, 1579, 2228 
(νCN), 2849, 2919. 1H NMR (CDCl3): 0.85 (t, 3H,–CH3), 1.25 (m, 16H, –CH2), 1.45 (m, 2H, –
CH2), 1.7 (m, 2H, –CH2), 3.00 (t, 2H, –CH2), 7.45–7.49 (dd, 1H, benzyl), 7.53–7.55 (d, 1H, 
benzyl), 7.60–7.63 (d, 1H, benzyl).  
2.3.3. Zinc tetrakis (benzylmercapto) phthalocyanine, ZnTBMPc (4a) 
Compound 3a (1 g, 4 mmol) was mixed with anhydrous zinc acetate (0.19 g, 1.05 mmol) and 
4 ml quinoline. The mixture was refluxed for 7 h at 200 °C under N2 atmosphere. Thereafter, the 
reaction mixture was allowed to cool to room temperature and then excess methanol was added 
to precipitate out the crude green solid product which was then treated in a Soxhlet extraction 
apparatus with ethanol for 48 h to remove quinoline. The product was purified by using silica gel 
column chromatography with chloroform as the eluting solvent. Yield: 58%. IR (KBr) ν (cm−1): 
692 (νC–S). λmax (nm) (log )/DMF: 689 (5.22), 620 (4.99), 359 (4.81). 1H NMR (DMSO-d6): 4.8 
(s, 8H, –CH2), 7.3–7.6 (m, 20H, –phenyl), 7.95 (m, 4H, –Pc), 7.6–7.9 (m, 8H, –Pc). Anal. Calcd. 
for C60H40N8S4Zn: C, 67.56; H, 3.78; N, 10.51; S, 12.02. Found: C, 66.53; H, 3.73; N, 9.69; S, 
12.02. MALDI-TOF: C60H40N8S4Zn—Calc. 1066.7 g/mol, found (M+) 1066.0 g/mol.  
2.3.4. Zinc tetrakis (dodecylmercapto) phthalocyanine, ZnTDMPc (4b) 
The procedure for the synthesis of 4b was similar to that used for complex 4a, except 1.3 g 
(4 mmol) compound 3b was used instead of compound 3a and the eluting solvent for column 
chromatography was chloroform–THF (ratio 3:1). Yield: 49%. IR (KBr) ν (cm−1): 668 (νC–S). 
λmax (nm) (log ) in DCM: 691 (5.4), 622 (4.99), 356 (4.97). 1H NMR (CDCl3): 0.95 (t, 12H, –
CH3), 1.2–1.5 (m, 80H, –CH2), 2.2–2.9 (t, 8H, –CH2), 6.5–7.8 (m, 12H, –Pc). Anal. Calcd. for 
C80H112N8S4Zn·3H2O: C, 66.99; H, 7.82; N, 7.82; S, 8.93. Found: C, 66.50; H, 7.95; N, 7.81; S, 
8.53. MALDI-TOF: C80H112N8S4Zn—Calc. 1379.5 g/mol, found (M+) 1379.5 g/mol.  
2.3.5. Cobalt tetrakis (benzylmercapto) phthalocyanine, CoTBMPc (5a) 
Compound 3a (1 g, 4 mmol) was mixed with 0.14 g (1.05 mmol) anhydrous cobalt chloride and 
8 ml ethylene glycol and then refluxed for 4 h at 200 °C under N2 atmosphere. The mixture was 
allowed to cool to room temperature and then excess methanol was added to precipitate out the 
crude blue-green solid product which was then treated in a Soxhlet extraction apparatus with 
ethanol for 48 h. The product was purified using silica gel column chromatography with 
chloroform as the eluting solvent. Yield: 47%. IR (KBr) ν (cm−1): 694 (νC–S). λmax (nm) (log ) in 
DMF: 674 (4.94), 613 (4.99), 325 (4.81). Anal. Calcd. for C60H40N8S4Co·3H2O: C, 64.60; H, 
3.59; N, 10.80; S, 11.49. Found: C, 64.78; H, 3.68; N, 9.24; S, 11.25. MALDI-TOF: 
C60H40N8S4Co—Calc. 1060.2 g/mol, found (M+) 1059.1 g/mol.  
2.3.6. Cobalt tetrakis (dodecylmercapto) phthalocyanine, CoTDMPc (5b) 
Compound 3b (1.3 g, 4 mmol) was mixed with 0.14 g (1.05 mmol) anhydrous cobalt chloride 
and 8 ml ethylene glycol and then refluxed for 4 h at 200 °C under N2 atmosphere. Thereafter, 
the reaction mixture was allowed to cool to room temperature and then excess methanol was 
added to precipitate out the crude blue-green solid product which was then treated in a Soxhlet 
extraction apparatus with ethanol for 48 h. The product was purified by using silica gel column 
chromatography with chloroform–THF (ratio 3:1) as the eluting solvent. Yield: 33%. IR (KBr) ν 
(cm−1): 673 (νC–S). λmax (nm) (log ) in DCM: 684 (4.93), 623 (5.00), 310 (4.92). Anal. Calcd. for 
C80H112N8S4Co: C, 69.98; H, 8.22; N, 8.16; S, 9.34. Found: C, 70.55; H, 9.22; N, 8.35; S, 9.09. 
MALDI-TOF: C80H112N8S4Co—Calc. 1373.0 g/mol, found (M+) 1372.6 g/mol.  
2.3.7. Iron tetrakis (benzylmercapto) phthalocyanine, FeTBMPc (6a) 
Compound 3a (1 g, 4 mmol) was mixed with anhydrous ferrous acetate (0.174 g, 1 mmol) and 
4 ml quinoline. The mixture was refluxed for 7 h at 200 °C under N2 atmosphere. Thereafter, the 
reaction mixture was allowed to cool to room temperature and then excess methanol was added 
to precipitate out the crude green solid product which was then treated in a Soxhlet extraction 
apparatus for 48 h to remove quinoline. The product was purified by using silica gel column 
chromatography with chloroform as the eluting solvent. Yield: 37%. IR (KBr) ν (cm−1): 692 (νC–
S). λmax (nm) (log ) in DMF: 720 (4.06), 673 (4.25), 638 (4.45), 349 (4.57). Anal. Calcd. for 
C60H40N8S4Fe·3H2O: C, 64.80; H, 3.60; N, 10.08; S, 11.52. Found: C, 65.34; H, 3.78; N, 9.87; S, 
9.47. MALDI-TOF: C60H40N8S4Fe—Calc. 1057.1 g/mol, found (M+) 1056.4 g/mol.  
2.3.8. Iron tetrakis (dodecylmercapto) phthalocyanines, FeTDMPc (6b) 
Compound 3b (1.31 g, 4 mmol) was mixed with anhydrous ferrous acetate (0.17 g, 1 mmol) and 
4 ml quinoline. The mixture was heated under reflux for 7 h at 200 °C under N2 atmosphere. 
Thereafter, the reaction mixture was allowed to cool to room temperature and then excess 
methanol was added to precipitate out the crude green solid product which was then treated in a 
Soxhlet extraction apparatus for 48 h to remove quinoline. The product was purified by using 
silica gel column chromatography with chloroform–THF (ratio 3:1) as the eluting solvent. Yield: 
26%. IR (KBr) ν (cm−1): 744 (νC–S). λmax (nm) (log ) in DCM: 712 (4.66), 586 (4.99), 422 
(3.97), 350 (5.00), 310 (5.00). Anal. Calcd. for C80H112N8S4Fe·5H2O: C, 65.76; H, 7.70; N, 7.70; 
S, 8.77. Found: C, 64.38; H, 7.54; N, 7.10; S, 7.94. MALDI-TOF: C80H112N8S4Fe—Calc. 
1369.9 g/mol, found (M+) 1369.9 g/mol.  
3. Results and discussion 
3.1. Synthesis and spectral characterisation 
Peripherally substituted tetrakis (benzylmercapto) or (dodecylmercapto) phthalocyanines with 
different central metals (Zn, Co, and Fe) were synthesised by cyclotetramerisation of 4-
(benzylmercapto)phthalonitrile (3a), or 4-dodecylmercaptophthalonitrile (3b) in the presence of 
the metal salts. Quinoline was used as the solvent for Fe (6a and 6b) and Zn (4a and 4b) 
phthalocyanine complexes while ethylene glycol was used as the solvent for synthesis of CoPc 
derivatives (5a and 5b). The syntheses of 4-(benzylmercapto) phthalonitrile (3a) or 4-
dodecylmercaptophthalonitrile (3b) were achieved by base (K2CO3) catalysed nucleophilic 
substitution of nitro groups in (1) using 2a or 2b, respectively. The substitution was performed in 
DMSO at room temperature in an inert nitrogen atmosphere. Satisfactory yields were obtained 
for the synthesis of compounds 3a and 3b and for all the metallophthalocyanines (4–6). All the 
metallophthalocyanine complexes were found to be soluble in less polar solvents such as DCM 
and chloroform while only the benzylmercapto substituted phthalocyanines (4a, 5a and 6a) 
dissolved in the more polar solvents such as DMSO and DMF. The non-solubility of the 
(dodecylmercapto) phthalocyanines in DMSO and DMF is not surprising, it is due to the 
presence of the highly non-polar long dodecylmercapto alkyl chain.  
The MPc complexes were characterised by several methods including UV–vis, IR, and 1H NMR 
spectroscopies, and by MALDI-TOF mass spectroscopy and elemental analyses. MALDI-TOF 
spectra gave expected masses as shown in the experimental section. Elemental analyses gave 
expected results. The CN band in the IR spectrum of 3b was observed, as expected, at 2228 and 
2231 cm−1 for 3a. The protons in the 1H NMR spectrum of the phenyl substituent for 3a 
appeared as a multiplet integrating for 5 between 7.28 and 7.38 ppm, and benzyl protons were 
observed between 7.47 and 7.65 ppm, and the CH2 protons at 4.3 ppm. For complex 3b, the CH3 
protons were observed 0.85 ppm, and the CH2 protons between 1.25 and 3.00 ppm, and the 
benzyl protons between 7.45 and 7.63 ppm.  
Only the ZnPc derivatives were employed for 1H NMR analysis since the central metal is 
diamagnetic. Both 4a and 4b exhibited broad peaks in the 1H NMR spectra probably due to the 
aggregation occurring at the high concentrations used. The signals due to the Pc ring were 
observed from 7.6 to 7.9 ppm and integrated for a total of 12 protons for 4a, and for 4b the Pc 
ring protons were observed from 6.5 to 7.8 ppm. Hence, the protons were more deshielded for 4a 
due to the presence of the phenyl ring. The protons due to the phenyl substituents for 4a 
integrated correctly and were observed at 7.3–7.6 ppm, hence are more deshielded in the 
presence of the Pc ring compared to compound 3a. For complex 4b the protons of the ring 
substituents integrated correctly.  
Fig. 1a shows the UV–vis spectra of complexes 4a, 5a, and 6a, in DMF and Fig. 1b shows the 
UV–vis spectra of complexes 4b, 5b, and 6b in DCM. The Q band peak positions are listed in 
Table 1 in DCM and DMF (the latter solvent used for complexes 4a, 5a, and 6a only). The 
spectra of Zn (4a and 4b) and Co (5a and 5b) phthalocyanine complexes are typical of 
monomeric species. The Q bands for 4a and 4b were observed at 690 and 691 nm, respectively, 
in DCM, and for complexes 5a and 5b, the Q bands were observed at 683 and 684 nm, 
respectively, in DCM. For complex 6a, a main absorption band was observed at 670 nm in 
DCM, and for 6b the absorption band was at 712 nm in DCM. Comparing the data in DCM, 
there is a significant red shift for 6b compared to 6a. Aggregation in MPc complexes is typified 
by a broadened or split Q band, with the high energy band being due to the aggregate and the low 
energy band due to the monomer. For complex 6a, Fig. 1a in particular shows a spectrum typical 
of stacked monomer in FePc complexes, which is normally observed near 630 nm. This suggests 
that the Q band observed for 6a is due to the stacked monomer. Even though the spectra of CoPc 
derivatives were broader than those of the ZnPc derivatives, both complexes 4 and 5 exhibited 
Beer's law behaviour at concentrations less than 1 × 10−5 M. For the FePc derivative (6a), 
aggregation was evident even at concentrations as low as 3 × 10−6 M. Fig. 2 shows the effect of 
decreasing concentration on the spectra of complexes 6a. The spectrum at the start of electrolysis 
is that due to the stacked monomer. As the concentration was lowered for 6a, the peak due to the 
aggregate at 638 nm decreased at a faster rate compared to the monomer peak 725 nm. These 
observations confirm that this complex is aggregated at high concentrations. Beer's law was not 
obeyed at concentration greater than 1.2 × 10−5 M.  
 
 
Fig. 1. (a) UV–vis spectra of ZnTBMPc (4a), CoTBMPc (5a), and FeTBMPc (6a) in DMF. Concentration: 
1 × 10−5 mol/dm3. (b) UV–vis spectra of ZnTDMPc (4b), CoTDMPc (5b), and FeTDMPc (6b) in DCM. 
Concentration: 1 × 10−5 mol/dm3. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. UV–vis spectral changes observed for FeTBMPc (6a) in DMF as concentration is decreased. Starting 
concentration = 1.5 × 10−5 M. 
 
 
3.2. Voltammetric and spectroelectrochemical studies 
3.2.1. CoPc derivatives (5a and 5b) 
The solution redox properties of the complexes were studied using cyclic voltammetry and 
square wave voltammetry in DCM (for both 5a and 5b) and also in DMF (for 5a), 5b was not 
soluble in DMF. The potential values and assignments are summarised in Table 2a. For 5a more 
resolved voltammograms were observed in DMF than in DCM. Fig. 3 shows the CV and SWV 
of 5a in DMF containing TBABF4. Complex 5a showed excellent voltammetric behaviour, with 
four redox processes labelled I (E1/2 = +0.89 V versus Ag|AgCl), II (E1/2 = +0.42 V versus 
Ag|AgCl), III (E1/2 = −0.38 V versus Ag|AgCl), and IV (E1/2 = −1.41 V versus Ag|AgCl). Based 
on the well known  electrochemical behaviour of CoPc complexes in coordinating solvents such 
as DMF, couples I, II, III, and IV in Fig. 3 are assigned to CoIIIPc−1/CoIIIPc−2, CoIIIPc−2/CoIIPc−2, 
CoIIPc−2/CoIPc−2, and CoIPc−2/CoIPc−3. The nature of the redox couples will be confirmed below 
using spectroelectrochemistry. The ratios of the anodic to cathodic peak currents (ia to ic) for 
couples II, III, and IV are close to unity, suggesting a reversible redox processes. For couple I, 
anodic currents were more pronounced compared to cathodic currents. For all couples anodic to 
cathodic peak separation (∆E) was ≥90 mV (∆E = 90 mV was obtained for ferrocene standard), 
suggesting slow electron transfer. Plots of square root of scan rate versus current were linear, 
suggesting diffusion control for all couples in Fig. 3. There was no effect on the voltammograms 
when the potential window was narrow (−1.0 to +1.0 V), or when starting at the rest potential of 
0 V.  
 
 
 
 
Fig. 3. Cyclic and square wave (inset) voltammograms of CoTBMPc (5a) in DMF solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s.  
 
Spectroelectrochemical studies were employed to confirm the assignments in the CVs of 
complex 5a, Fig. 4. The concentrations of the complexes was 2 × 10−4 M for studies in OTLLE 
cell, at this high concentration, the aggregated species are present as judged by the broadening of 
the starting spectrum in Fig. 4a, which shows the UV–vis spectral changes of complex 5a during 
a controlled potential reduction of the complex at potentials of couple III. The slight differences 
in the Q band maxima in Fig. 4a (672 nm) compared to Fig. 1a (674 nm), could be a result of the 
presence of electrolyte in Fig. 4a. Upon reduction, the Q band shifted from 672 to 710 nm and 
increased in intensity. The spectral changes show that upon reduction the Pc molecules become 
disaggregated as judged by the narrowing of the absorption bands. A new intense band was 
formed at 473 nm during reduction. New intense peaks between 400 and 500 nm are 
characteristic of CoIPc species. Also the shift in the Q band without decrease in intensity is 
typical of metal-based reduction in MPc complexes. Thus, spectral changes shown in Fig. 4a 
clearly confirm that couple III is due to the reduction of CoIIPc to CoIPc. The Q band positions 
are listed in Table 1. The reduction was reversible in that applying 0 V resulted in greater than 
80% regeneration of the starting spectrum. Further reduction of the species formed in Fig. 4a at 
potentials more negative than couple IV resulted in spectral changes shown in Fig. 4b, which 
consisted of the decrease in the Q band and the shifting of the band at 473 to 485 nm, and the 
formation of new bands at 580 and 642 nm. The decrease in the Q band is characteristic of ring-
based processes. Bands in the 500–600 nm region are typical for ring-based reduction and the 
formation of a Pc−3 species. Thus, reduction at potentials of couple IV results in the formation of 
CoIPc−3 species (Table 2a).  
 
 
 
  
 
 
Fig. 4. UV–vis spectral changes for CoTBMPc (5a) observed using controlled potential electrolysis at: (a) −0.6 V, 
(b) −1.6 V, and (c) +0.6 V. The first scan in Fig. 5b is the same as the last scan in Fig. 5a. Solvent DMF containing 
0.1 M TBABF4.  
 
 
 
 
 
Table 2a.  
Summary of redox potentials (E1/2 vs. Ag|AgCl) of the CoPc and FePc complexes in DCM containing TBABF4  
Complex M
IIIPc−1/MIIIP
c−2
MIIIPc−2/MIIP
c−2
MIIPc−2/MIP
c−2
MIPc−2/MIPc
−3
MIPc−3/MIPc
−4
MIPc−4/MIPc
−5
 I II III IV V VI 
5a 
(CoTBMPc) 0.89 (0.89) 0.42 (0.42) −0.40 (−0.38) 
−0.84 
(−1.41)   
5b 
(CoTDMPc) 0.66 0.44 −0.46    
6a 
(FeTBMPc) 0.82 (0.70) 0.44 (0.36) 0.24 (−0.37) 0.62 (−0.78) 
−0.85 
(−1.18)  
6b 
(FeTDMPc) 1.01 0.62 −0.53 −0.84 −1.16 −1.40 
Values in parenthesis are in DMF for complexes 5a and 6a which were soluble in DMF. 
 
Oxidation at potentials more positive than couple II resulted in spectral changes shown in Fig. 
4c. The first spectrum shows aggregation with the monomer peak at 672 nm and the peak due to 
the aggregate at 628 nm. The differences in the starting spectrum in Fig. 4c compared to Fig. 1a, 
could be a result of both aggregation and the presence of electrolyte in Fig. 4c. Also the starting 
spectrum in Fig. 4c is different from the start in Fig. 4a due to different extents of aggregation. 
For the sample employed for Fig. 4c, the extent of aggregation is such that the Q band is split 
with the peak due to aggregated species observed at 628 nm and the monomer at 672 nm. Thus, 
the extent of aggregation varies from batch to batch depending on the concentration. The spectral 
changes observed during oxidation showed an increase of the monomer peak and its shifting 
from 672 to 687 nm. Since there was an increase in Q band intensity, the spectral changes in Fig. 
4c are due to the oxidation of Co(II) to the Co(III) species, showing that at potentials of couple II 
metal oxidation occurs, and that the couple is due to CoIIIPc−2/CoIIPc−2. The subsequent 
oxidations are expected to be on the ring in comparison with literature. However, oxidation at 
potentials of couple I, resulted in the loss in the intensity of the Q band, without significant 
increase in the 500 nm region of the spectrum which is typical for ring oxidation. These 
observations suggest decomposition as has been reported before for other thiol substituted MPc 
complexes.  
For complex 5b, three couples were observed and are assigned in Table 2a, and shown in Fig. 5. 
Couples I and III exhibited quasi-reversible behaviour in that ∆E was greater than 90 mV. 
Couple II however did not show a clear return peak, hence was irreversible. The couples showed 
diffusion control in that peak currents increased linearly with the square root of scan rate.  
 
 
 
  
 
 
 
 
 
Fig. 5. Cyclic and square wave (inset) voltammograms of CoTDMPc (5b) in DCM solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s.  
 
 
 
Controlled potential reduction for 5b at potentials of couple III (Fig. 6a) resulted in the formation 
of CoIPc−2 as judged by the formation of a new peak at 476 nm and the shift of the Q band to a 
longer wavelength (709 nm) as discussed above for 5a. The absorption maxima are listed in 
Table 1. Oxidation of 5b occurred at the metal as evidenced by the shift in Q band to longer 
wavelengths (to 680 nm) shown by Fig. 6b and as discussed above for 5a.  
 
 
 
Fig. 6. UV–vis spectral changes of CoTDMPc (5b) observed using controlled potential electrolysis at: (a) −0.7 V 
and (b) +0.7 V in DCM containing 0.1 M TBABF4. 
 
 
 
3.2.2. FePc derivatives 
Fig. 7 shows the CV and SWV of 6a. Five couples were observed labelled I–V in Fig. 7. Couples 
I (E1/2 = 0.70 V), II (E1/2 = 0.36 V), IV (E1/2 = −0.78 V), and V (E1/2 = −1.18), showed clear 
return peaks but for III (E1/2 = −0.37), the anodic component was weak. As stated in the 
introduction, thiol substituted MPc complexes often exhibit irreversible cyclic voltammetry 
behaviour. Comparing the peak potentials (Table 2a) with those of documented FePc complexes, 
we assign couples I, II, III, IV, and V to FeIIIPc−1/FeIIIPc−2, FeIIIPc−2/FeIIPc−2, FeIIPc−2/FeIPc−2, 
FeIPc−2/FeIPc−3, and FeIPc−3/FeIPc−4, respectively.  
 
 Fig. 7. Cyclic and square wave (inset) voltammograms of FeTBMPc (6a) in DMF solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s.  
 
 
 
Spectroelectrochemistry (OTTLE) for complex 6a at potentials more negative than couple III 
gave spectral changes shown in Fig. 8a. Again the complex shows aggregation. Upon reduction, 
the peak at 636 nm decreased and a broad peak at 660 nm remained. As already explained, in 
phthalocyanine chemistry, the lack of disappearance of the Q band on reduction or oxidation 
suggests a metal-based process. Thus the spectral changes shown in Fig. 8a are typical of metal-
based reduction, suggesting the formation of the Fe(I) species. The spectrum of FeIPc species is 
not well known. It has been reported that the presence of Fe(I) disturbs the π–π* spectrum of the 
Pc resulting in a weak Q band and a pink solution. This work however shows that a relatively 
strong Q band is still present following reduction of FeIIPc to FeIPc. Thus spectroelectrochemical 
studies here confirm that couple III is due to FeIIPc−2/FeIPc−2. Oxidation at potentials of couple II 
resulted in spectral changes shown in Fig. 8b, which consisted of the formation of a new peak at 
649 nm, and the disappearance of the peak at 636 nm. These spectral changes are consistent with 
the oxidation of Fe(II) central metal to Fe(III) in phthalocyanines. It has also been reported that 
the formation of FeIIIPc species results in a split Q band for some complexes. The splitting is not 
evident in Fig. 8b.  
 
 
 
Fig. 8. UV–vis spectral changes of FeTBMPc (6a) observed using controlled potential electrolysis at: (a) −0.6 V and 
(b) +0.6 V in DMF containing 0.1 M TBABF4.  
 
 
 
Complex 6b gave CV and SWV shown in Fig. 9. Six processes were observed at 1.01, 0.62, 
−0.53, −0.84, −1.16, and −1.40 V for couples I, II, III, IV, V, and VI, respectively. The anodic to 
cathodic currents were near unity for couples I, II, III, and IV. The last two couples (V and VI) 
only weak return peaks were observed. However, diffusion control was observed for all couples, 
with linear variation of square root of scan rate with peak current. The peaks are assigned in 
comparison with 6a and with literature in Table 2a.  
 
 
 
 
 
 
Fig. 9. Cyclic and square wave (inset) voltammograms of FeTDMPc (6b) in DCM solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s. 
 
 
Spectroelectrochemistry of complex 6b confirmed that first oxidation and reduction occur at the 
central metal as was the case for 6a. As an example, Fig. 10 shows spectral changes observed on 
oxidation of 6b at potentials of couple II. A new peak was observed at 671 nm with electrolysis 
time confirming central metal oxidation. Again due to aggregation, the starting spectrum in Fig. 
10 is different from the spectrum in Fig. 1b. The later (Fig. 1b) had just one peak at 712 nm, 
while the former (Fig. 10) three peaks are observed at 643 (aggregate), 683, and 712 nm 
(monomer). 
 
 
 
 
Fig. 10. UV–vis spectral changes of FeTDMPc (6b) observed using controlled potential electrolysis at +0.9 V in 
DCM containing 0.1 M TBABF4.  
 
 
3.2.3. ZnPc derivatives 
Fig. 11 shows the CV and SWV for 4a. Three couples were observed all due to the 
phthalocyanine ring since the central metal is electroinactive. The couples are assigned as shown 
in Table 2b. Complex 4b containing long chain thiol substituents showed less defined 
voltammograms, Fig. 12 with two broad couples both due to ring-based processes, Table 2b.  
 
 
Fig. 11. Cyclic and square wave (inset) voltammograms of ZnTBMPc (4a) in DMF solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s. 
 
 
 
 
 
Table 2b.  
Summary of redox potentials (E1/2 vs. Ag|AgCl) of the ZnPc complexes in DCM containing TBABF4  
Complex ZnIIPc−1/ZnIIPc−2 ZnIIPc−2/ZnIIPc−3 ZnIIPc−3/ZnIIPc−4
4a (ZnTBMPc) 0.36 (0.62) −1.04 (−0.93) −1.49 (−1.33) 
4b (ZnTDMPc) 0.46 −1.1  
Values in parenthesis are in DMF only for complex 4a which was soluble in DMF. 
 Fig. 12. Cyclic and square wave (inset) voltammograms of ZnTDMPc (4b) in DCM solution containing 0.1 M 
TBABF4. Scan rate: 100 mV/s.  
 
Spectroelectrochemistry of 4b was interesting. Reduction at potentials of couple II gave spectral 
changes shown in Fig. 13. The first spectrum before electrolysis showed three broad bands 
indicative of extensive aggregation. On reduction, a new band was observed at 525 nm indicative 
of ring reduction.  
 
 
Fig. 13. UV–vis spectral changes of ZnTDMPc (4b) observed using OTTLE cell controlled electrolysis at −1.45 V, 
in DCM containing 0.1 M TBABF4.  
 
 
 
4. Conclusions 
Cyclic voltammetry and spectroelectrochemistry of thiol substituted FePc, CoPc, and ZnPc 
derivatives are presented. More reversible CV couples were observed for complexes 4a, 5a, and 
6a containing thiol phenyl ring substituents. Complexes 4b, 5b, and 6b containing long chain 
thiol substituents showed less reversible (and sometimes irreversible behaviour) couples. The 
FePc complexes exhibited a large number of redox couples which will be useful for applications 
of these complexes in electrocatalysis. As expected first oxidation and first reduction in FePc and 
CoPc complexes occurred at the central metal. However, ring oxidation was accompanied by 
decomposition. All complexes exhibited extensive aggregation at high concentrations, more so 
for the long chain thiol substituted derivatives. The spectra of Fe(I) and Co(I) phthalocyanine 
complexes are not well known, and this work further gives some insight into the spectra of these 
species which would be helpful to other researchers.  
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